Abstract. Tea is one of the most popular beverages in the world and has been studied extensively as a health-promoting beverage that may act to prevent a number of chronic diseases and cancers. (-)-Epigallocatechin gallate [(-)-EGCG], a major component in green tea, is unstable under physiological conditions and methylation of (-)-EGCG by catechol-Omethyltransferase (COMT) is a modification that reduces the biological activity of (-)-EGCG. In the current study, we hypothesized that suppression of COMT activity in human breast cancer cells could increase the proteasome-inhibitory potency of (-)-EGCG and therefore enhance its tumor cell growth-inhibitory activity. We first determined the COMT genotype and basal levels of COMT activity in various human breast cancer cell lines. Furthermore, when breast cancer MDA-MB-231 cells containing high COMT activity were tested, the diminished COMT activity apparently increased the effectiveness of (-)-EGCG via augmented proteasome inhibition and apoptosis induction. This study supplements the previous findings that methylated (-)-EGCG is less bioactive and supports the notion that COMT inhibition may increase the anti-cancer properties of tea polyphenols and the combination may serve as a novel approach or supplemental treatment for breast cancer chemotherapy.
Introduction
The anti-cancer and cancer-preventive effects of green tea and its main constituent (-)-epigallocatechin gallate [(-)-EGCG] are well documented in literature including cell culture, animal, epidemiological, and clinical studies (1) (2) (3) (4) (5) (6) (7) . We previously reported that (-)-EGCG potently and specifically inhibits the chymotrypsin-like activity of the proteasome in vitro (IC 50 = 86-194 nM), and induces tumor cell growth arrest in the G 1 phase of the cell cycle (8) . Furthermore, we have established that an ester bond within (-)-EGCG is critical for its proteasomal inhibitory properties (8) .
The ubiquitin/proteasome system controls the turnover of critical regulatory proteins involved in several cellular processes such as cell cycle and apoptosis (9, 10) . The eukaryotic proteasome contains at least three known catalytic activities: chymotrypsin-like, trypsin-like, and caspase-like or peptidyl-glutamyl peptide-hydrolyzing (PGPH)-like activities (11) . Our laboratory and others have reported that inhibition of the proteasome chymotrypsin-like activity is associated with induction of apoptosis in tumor cells (12, 13) . Since proteasome activity is essential for tumor cell proliferation and drug resistance development, the proteasome-mediated protein degradation pathway has been considered an important target for cancer prevention and therapy. In fact, the proteasome inhibitor Bortezomib (Velcade, PS-341) has been approved by the US Food and Drug Administration (FDA) and its antitumor activity has been reported in a variety of tumor models in clinical trials (14) (15) (16) . Although the toxicity of bortezomib is predictable (17, 18) , there is still a need for the use of other proteasome inhibitors with less or no toxic side effects.
The caveat to the use of (-)-EGCG in cancer prevention and therapy is its low bioavailability due to its instablity under neutral or alkaline conditions (i.e. physiologic pH) and to biologically inactivating processes that include methylation (19) (20) (21) . Methylation of (-)-EGCG and other tea catechins occurs by catechol-O-methyltransferase (COMT) enzyme activity (22) . COMT is widely distributed throughout the body and functions as a detoxifying enzyme to eliminate biologically active or toxic catechols found in tissues (22) . In humans, a single gene for COMT encodes both a soluble COMT (S-COMT) and a membrane-bound COMT (MB-COMT) that are transcribed by activation of two separate promoters. A single nucleotide polymorphism (G to A) in codon 108 (S-COMT) or 158 (MB-COMT) results in a valine to methionine (Val to Met) substitution in both forms of COMT proteins (23, 24) . The potential for COMT to diminish the cancer preventive effects of (-)-EGCG in vivo was highlighted in a case-control study of breast cancer in Asian-American women (25) . The study revealed a reduced risk of breast cancer in women who consumed green tea and who also carried the low activity COMT polymorphism. In contrast, breast cancer risk did not differ between tea drinkers and non-tea drinkers among those who were homozygous for the high activity COMT allele. These data suggest that methylated tea polyphenols may be less cancer-protective. While a molecular mechanism for the findings was not identified, a seeming predictor of (-)-EGCG potency in vivo may inversely correlate with individual COMT activity status. The reduced incidence of breast cancer in individuals who consumed green tea and harbored the low COMT activity polymorphism may be the result of less (-)-EGCG methylation which may allow for (-)-EGCG to act as a proteasome inhibitor more effectively. Furthermore, pharmacologically induced COMT inhibition may also decrease (-)-EGCG methylation thereby increasing its proteasome inhibitory potency. A variety of COMT inhibitors are commercially available including 3,5-dinitrocatechol (DNC). This potent, selective, and orally active COMT inhibitor offers a tool for interfering in the metabolism of various COMT substrates including (-)-EGCG.
In the current study, it was hypothesized that breast cancer cells expressing COMT-H/H would be more affected by the proteasome inhibitory activity of (-)-EGCG if they were also exposed to a COMT inhibitor than COMT-H/H cells exposed to (-)-EGCG alone. COMT status (L/L, H/L, and H/H) in various breast cancer cells lines was determined by genotyping. MDA-MB-231 breast cancer cells were found to possess the high COMT activity allele and were utilized to analyze proteasome activity and mechanisms of apoptosis after exposure to DNC and (-)-EGCG. Not only was DNC found to decrease COMT activity in various breast cancer cells, but co-treatment with DNC and (-)-EGCG was able to reduce cellular proliferation/viability. Furthermore, morphological changes and apoptotic nuclei were present in MDA-MB-231 cells and correlated with an increase in caspase-3/-7 activity after the co-treatment. Finally, the apoptotic changes observed after the co-treatment were associated with a decrease in proteasome activity. Therefore, the diminished COMT activity apparently increased the effectiveness of (-)-EGCG via mechanisms such as augmented proteasome inhibition and resulted in the induction of apoptosis. This study supplements the previous findings that methylated (-)-EGCG is less bioactive and provides valuable information for defining clinical criteria in cancer prevention and treatment. were purchased from Sigma-Aldrich (St. Louis, MO, USA). RPMI-1640, penicillin, and streptomycin were purchased from Invitrogen (Carlsbad, CA). Fluorogenic peptide substrates Suc-LLVY-AMC (for the proteasomal chymotrypsin-like activity) and N-acetyl-DEVD-AMC (for caspase-3/-7 activity) were from Calbiochem (San Diego, CA, USA).
Materials and methods

Materials
Cell culture and cell extract preparation. MCF10A (normal-MCF10), MCF10AT1K clone 2 [premalignant-MCF10 (abbreviated Kcl2)], and MCF10dcis.com [malignant-MCF10 (abbreviated DCIS)] breast cells were cultured as described previously (26) . Briefly, MCF10A and Kcl2 cells were cultured in 1:1 F12/DMEM supplemented with 5.26% (v/v) horse serum, 100 U/ml of penicillin, 100 μg/ml of streptomycin, 100 ng/ml of cholera endotoxin, 10 μg/ml insulin, 10 ml of 1 M NaHCO 3 in 500 ml medium, 20 ng/ml of epidermal growth factor, and 0.5 μg/ml hydrocortisone. DCIS cells were cultured in 1:1 F12/DMEM media supplemented with 5.26% (v/v) horse serum, 10 ml of 1 M NaHCO 3 , 100 U/ml of penicillin, and 100 μg/ml of streptomycin.
Human breast cancer MDA-MB-231 cells were grown in RPMI-1640 supplemented with 10% fetal bovine serum, 100 U/ml of penicillin, and 100 μg/ml of streptomycin. ZR-75-1 cells were grown in RPMI with 2 mM L-glutamine adjusted to contain 1.5 g/l sodium bicarbonate, 4.5 g/l glucose, 10 mM HEPES, 1.0 mM of 90% sodium pyruvate, 100 U/ml of penicillin, 100 μg/ml of streptomycin, and 10% fetal bovine serum. MCF-7 cells were grown in DMEM containing 10% fetal calf serum, 100 U/ml of penicillin, 100 μg/ml of streptomycin, and 0.01 mg/ml insulin. All cells were maintained at 37˚C in a humidified incubator with an atmosphere of 5% CO 2 . A whole cell extract was prepared as described previously (10) . Briefly, cells were harvested, washed with PBS and homogenized in a lysis buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.5% NP-40, 0.5 mM phenylmethylsulfonyl fluoride, and 0.5 mM dithiothreitol) for 30 min at 4˚C. Afterwards, the lysates were centrifuged at 12,000 x g for 12 min at 4˚C and the supernatants collected as whole-cell extracts.
Cell viability/proliferation assay. The MTT assay was used to determine the effects of various compounds on proliferation of MDA-MB-231 breast cancer cells. Cells were plated onto a 96-well plate and grown to 70-80% confluency followed by addition of 10 μM of DNC and 50 μM of (-)-EGCG for 24 h incubation at 37˚C. All co-treatments of DNC and (-)-EGCG were conducted such that DNC was incubated for 30 min before the addition of (-)-EGCG. Inhibition of cell proliferation was measured as previously described (27) . All samples were assayed in triplicate in three independent experiments, and the mean value for each experiment was calculated. The results are displayed as mean (± standard deviation) and are expressed as percentage of the control, which was considered to be 100%.
Proteasome activity assay. The chymotrypsin-like proteasome activity assay fluorometrically measures proteasome activity in cells treated with a potential proteasome inhibitor. At the endpoint of these experiments, the amount of fluorescence measured correlates to the amount of proteasome activity.
MDA-MB-231 breast cancer cells were grown to 30-40% confluency, treated daily with 50 μM of the indicated compound for 24 h, harvested, and used for whole cell extract preparation. Whole cell extracts (10 μg) were incubated with Suc-Leu-Leu-Val-Tyr-AMC (40 μM) fluorogenic substrate at 37˚C in 100 μl of assay buffer (50 mM Tris-HCl, pH 8.0) for 2.5 h. After incubation, production of free hydrolyzed 7-amino-4-methylcoumarin (AMC) groups liberated by substrate hydrolysis was fluorometrically measured using a Victor 3 multilabel counter with an excitation filter of 380 nm and an emission filter of 460 nm (PerkinElmer, Boston, MA, USA).
Cellular and nuclear morphology analysis.
A Zeiss (Thornwood, NY) Axiovert 25 microscope was used for all microscopic imaging with either phase contrast for cellular morphology or fluorescence for nuclear morphology with Hoechst staining, as previously described (27) .
Caspase-3 activity assay. The caspase-3/-7 activity assay fluorometrically measures caspase activation in cells treated with a given compound. At the endpoint of these experiments, the amount of fluorescence measured correlates to the amount of caspase-3/-7 activity. Cells were treated with 50 μM of each compound, harvested, and lysed as described above. Ac-DEVD-AMC (40 μM) was then incubated with the prepared cell lysates (20 μg of protein) at 37˚C in 100 μl of assay buffer (50 mM Tris-HCl, pH 7.5) for 2.5 h. The caspase-3 activity was measured by the production of free AMC groups liberated by substrate hydrolysis using a Victor 3 multilabel counter with an excitation filter of 380 nm and an emission filter of 460 nm as previously described (28) .
COMT activity assay. The COMT activity assay was utilized based on previously published work (29) . Briefly, esculetin (40 μM) and (-)-EGCG (50 μM) were dissolved in DMSO and diluted with aqueous buffer solution (100 mM phosphate, 5 mM MgCl 2 , 20 mM L-cysteine, pH 7.4) in 100 μl of reaction mixture which included 20 μg protein lysate (cell lysis is described above). The plate was placed on ice, and 20 μg/ml of protein from cell lysate was added. A preincubation period of 5 min was performed by placing the plate at 37˚C. The reaction was initiated by the addition of 200 μM SAM, at 37˚C and the reaction was followed for 60 min using a Victor 3 multilabel counter with an excitation filter of 380 nm and an emission filter of 460 nm. The change in fluorescence caused by enzymatic O-methylation of esculetin to scopoletin was used to describe inhibitory activity. Controls without SAM were also included.
COMT sequencing. The 5'-nuclease assay using TaqMan, (Applied Biosystems, University Park, IL, USA) was used to detect the COMT rs4680 polymorphism. Oligonucleotide primers and probes were designed using Primer Express software (Applied Biosystems). Standard TaqMan conditions using 1X Universal PCR mix (Applied Biosystems), 25 ng DNA, COMT-F (CGACTGTGCCGCCATCA) and COMT-R (AACGGGTCAGGCATGCA) primers, and COMTGwt (6FAM-CTTGTCCTTCACGCCAGCGAAAT-TAMRA) and COMTA (VIC-CCTTGTCCTTCATGCCAGCGAA-TAMRA) probes. An Applied Biosystems 7900 was used for the amplification and detection of products. For quality control, 5% of the products were sequenced and 10% were directly repeated.
Results
COMT activity and genotypes varies in different human breast cell lines.
Six human breast cell lines including MCF10A, Kcl-2, DCIS, MDA-MB-231, ZR-75-1 and MCF-7 were analyzed to determine their COMT status. COMT genotyping revealed that all cell lines, except the MCF-7 cell line, expressed the COMT-H allele (Table I) . These findings correlate with a previous study in which MCF10A and ZR-75-1 cells exhibited the COMT-H encoding allele and MCF-7 the COMT-L allele (30) . Additionally, a fluorogenic assay was performed using whole cell lysates to test COMT enzymatic activity. COMT activity was lowest in MCF-7 cells compared to all other cell lines (Fig. 1) .
COMT inhibition enhances proteasome inhibition and apoptosis induction by (-)-EGCG in MDA-MB-231 cells.
It was surmised that (-)-EGCG would be less bio-effective in cells harboring high COMT activity and that a COMT inhibitor could rescue the effectiveness of (-)-EGCG in these cells. To test this hypothesis, we first examined COMT activity after exposure to (-)-EGCG and the COMT inhibitor, DNC. We performed analysis with various concentrations of DNC on all cell lines described herein (data not shown) and observed COMT inhibition without cell death. We chose Table I . Genotype and corresponding activity of human breast normal and cancer cell lines. COMT activity in whole cell extracts was measured using a fluorogenic activity assay as described in the Materials and methods. MCF-7 cells displayed low activity compared to all other cell lines.
-------------------------------------------------Human breast Polymorphism Corresponding cell lines of the gene COMT activity -------------------------------------------------
the concentration of DNC that provided optimum COMT inhibition for these studies. MDA-MB-231 cells, possessing high COMT activity (Table I) , were treated with either 10 μM of DNC, 50 μM of (-)-EGCG, or a combination of both for 24 h, followed by measurement of COMT activity, proteasomal chymotrypsin-like activities, and apoptosis induction. In MDA-MB-231 cells treated with DNC, COMT activity was inhibited by ~50% ( Fig. 2A) . (-)-EGCG also apparently inhibited COMT enzymatic activity, which is consistent with the notion that (-)-EGCG is a COMT substrate (31) . Furthermore, the co-treatment with both DNC and (-)-EGCG decreased COMT activity by >60%, indicating additive inhibition by the two compounds ( Fig. 2A) .
Since COMT activity could be suppressed in cells possessing high activity, we presumed that proteasome inhibition would be enhanced upon co-treatment with (-)-EGCG and DNC. The proteasomal chymotrypsin (CT)-like activity in MDA-MB-231 cells was assessed next. DNC had no effect on proteasome activity and treatment with 50 μM (-)-EGCG exhibited only ~23% inhibition after 24 h treatment (Fig. 2B) . However, after co-treatment with DNC and (-)-EGCG, 60% inhibition in the proteasomal chymotrypsinlike activity was observed (Fig. 2B) . These findings indicate that (-)-EGCG appears to be a more potent proteasome inhibitor after COMT inhibition.
To determine whether (-)-EGCG could induce more cell death when combined with DNC, caspase-3/-7 activation, morphological changes, and Hoechst nuclear staining were examined in MDA-MB-231 cells. Treatment with DNC had no effect on caspase-3/-7 activation and (-)-EGCG treatment alone increased caspase-3/-7 activities by ~1.5 fold (Fig. 2C) . The (-)-EGCG and DNC combination treatment resulted in a 2.1-fold increase of caspase-3/-7 activities. Cells treated with (-)-EGCG alone displayed minimal effect on cell morphology while co-treatment with DNC and (-)-EGCG produced morphology indicative of cellular stress (Fig. 2D) . Furthermore, Hoechst staining revealed that cells co-treated with DNC and (-)-EGCG resulted in punctuate, brightly stained apoptotic nuclei (Fig. 2E) . These data suggest that suppressed COMT activity could enhance the apoptosis inducing effect of (-)-EGCG.
COMT inhibition enhances growth inhibition by (-)-EGCG in human cancer but not normal, nontransformed breast cells.
Finally, inhibition of cell proliferation by (-)-EGCG after COMT inhibition was evaluated using the MTT assay in various human cancer and nontranformed breast cell lines. DNC was used to compare the effects of pharmacological COMT inhibition vs. native COMT activity in various breast cancer cell lines. In the MCF10A series of tumor cells, the 'normal' MCF10A cells were minimally affected by any of the treatments. Co-treatment with DNC and (-)-EGCG reduced cell viability by only 12% (Fig. 3) . As the tumor cell lines increased in aggressiveness, a decrease in cell viability was observed after co-treatment with DNC and (-)-EGCG, indicated by 21 and 40% inhibition in cell viability in Kcl2 and DCIS cells, respectively (Fig. 3) . Furthermore, MDA-MB-231 cells exhibited a 45% decrease in cell viability after co-treatment with DNC and (-)-EGCG and only 15% decrease in cell viability after (-)-EGCG treatment alone (Fig. 3) . This 3-fold difference in cellular viability is most likely due to the increased effectiveness of (-)-EGCG upon inhibition of the enzymatic O-methylation activity of COMT.
Discussion
Proteasome inhibition by (-)-EGCG could serve as a non-toxic chemopreventive strategy and has been shown to impart selective activity against rapidly proliferating tumor cells over non-transformed or normal cells (8, 32, 33) . However, reduced biological activity of (-)-EGCG is observed in the presence of O-methylations corresponding to reduced proteasomeinhibitory activities (20, 21, (34) (35) (36) . Therefore, manipulating the activity of COMT to limit its methylating activity toward polyphenolic catechins could increase the effectiveness of these proteasome inhibitors. Not only does COMT catalyze the methylation of (-)-EGCG, but also of both 2-OH and 4-OH catechol estrogens to methoxy estrogens, which reduces their potential for DNA damage (37) and increases the concentration of 2-methoxyestradiol, an anti-proliferative metabolite for human breast cancer, lung cancer, and leukemia cells (38) (39) (40) . Since COMT is expressed ubiquitously, it is likely that the COMT activity level influences the amount of circulating catecholamines, catechol estrogens, and polyphenolic catechins throughout the body. Therefore, the purported anti-cancer effects of methoxy estrogens would be considerably less in individuals who harbor the low COMT activity allele. In fact, numerous studies have indicated that COMT-L is associated with an increased risk of breast cancer (41) (42) (43) . Likewise, COMT-L was found to be associated with progression and lymph node metastasis of breast cancer in Japanese women (44) . Others have indicated a non-significant or limited association with COMT-L and breast cancer risk, but preclude their findings by stratifying data according to menopausal status (45, 46) .
While an increased risk of breast cancer may be associated with COMT-L, other studies have indicated that consumption of green tea may be protective in individuals carrying the genotype. Indeed, a study conducted by Wu et al indicated that green tea consumption was a factor for breast cancer risk reduction (6) . In a later study, the same group specified that women who drank green tea and carried the COMT-L allele had a statistically significant reduced risk of breast cancer compared to those individuals who carried the high activity allele and displayed neither reduced nor increased risk of breast cancer (25) . Furthermore, a decrease in plasma estrone and estradiol were found to be the result of green tea consumption (47) . Collectively, these studies suggest that the carcinogenic activity of estrogens is modulated not only by green tea consumption, but also by COMT status. Therefore, modulating the effects of COMT in breast cancer by green tea consumption or exposure to (-)-EGCG may correlate with a decrease in disease incidence, progression, or recurrence.
Since low COMT activity and consumption of tea polyphenols have been linked to a decreased risk in breast cancer, this study was focused on an examination of COMT status in breast cancer cell lines and manipulation of COMT activity in those cells. It was hypothesized that suppression of COMT in cells expressing COMT-H would be more affected by the proteasome inhibitory activity of (-)-EGCG than COMT-H cells with unaltered COMT activity. The COMT-H expressing MDA-MB-231 breast cancer cells were studied extensively in this study and were utilized to detect proteasome activity and mechanisms of apoptosis after COMT manipulation and exposure to (-)-EGCG.
A panel of breast cancer cell lines was assayed via DNA sequencing to determine their COMT genotype. A previous study indicated that MCF-10A and ZR-75-1 cells possessed the COMT-H encoding allele while MCF-7 cells possessed the COMT-L encoding allele (30) . The findings presented herein are in agreement with this previous study (Table I) . However, until now, no other study has examined the COMT status in other cell lines such as Kcl2, DCIS, and MDA-MB-231, all of which were found in this work to be homozygous for COMT-H (Table I) .
A COMT activity assay was used to correlate the genotyping results with the biological COMT activities of the breast cancer cell lines. Similar to the genotyping, the breast cancer cells exhibited differences in their basal COMT activity. In cells that were found by genotyping to be COMT-H expressing, the COMT activity assay indicated higher activity by as much as 3-fold compared to the MCF-7 cells that were expressing the COMT-L phenotype (Fig. 1) . This is consistent with a previous study that described MCF-7 cells that expressed COMT activity 2-3-fold lower than ZR-75-1 cells (48) . Because of the lack of evidence for MDA-MB-231 cells in the literature and because these COMT activity results were so promising, a focused examination of MDA-MB-231 cells for COMT manipulation in additional experiments was warranted.
DNC was used to pharmacologically inhibit COMT activity in MDA-MB-231 cells by 50% (Fig. 2A) . While more potent COMT inhibition would be ideal, this reduction in ONCOLOGY REPORTS 24: 563-569, 2010 Figure 3 . Human breast cancer or nontransformed cell proliferation/viability after exposure to DNC and (-)-EGCG. An MTT assay was used to detect cell proliferation/viability in indicated breast cancer cells or nontransformed MCF-10A cells, as described in the Materials and methods. Treatments included either 10 μM of the COMT inhibitor (DNC), 50 μM of (-)-EGCG, or a co-treatment with both DNC and (-)-EGCG for 24 h. The DMSO control was set at the volume corresponding to the co-treatment. bars, SD; * p<0.05; ** p<0.01.
activity enhanced the proteasome inhibitory ability of (-)-EGCG in a chymotrypsin-like assay (Fig. 2B ). Proteasome activity was reduced by 60% in MDA-MB-231 cells co-treated for 24 h with DNC and (-)-EGCG compared to the control while the chymotrypsin-like activity was only reduced by 23% in cells treated with (-)-EGCG alone. Therefore, COMT inhibition by DNC treatment appeared to increase (-)-EGCG stability and proteasome inhibitory activities. Proteasome inhibition is well documented to activate apoptosis. The brightly stained, apoptotic nuclei indicative of apoptosis after Hoechst staining and, caspase-3/-7 activition were most apparent after co-treatment with the DNC and (-)-EGCG ( Fig. 2C and E) . The apoptotic changes observed in these MDA-MB-231 cells were presumably in correlation with proteasome inhibition after this co-treatment.
In summary, pharmacologically diminished COMT activity increases the effectiveness of (-)-EGCG as a proteasome inhibitor and an anti-cancer agent. The data presented in this study support the hypothesis that methylating events limit the cancer-preventative and therapeutic advantages of tea polyphenols. Finally, in the clinical setting, COMT status could be used to determine which individuals would benefit from green tea consumption/treatment in an attempt to reduce the onset and recurrence of certain cancers, including breast cancer.
